In this paper we show how a fairly large proportion of those commutation failures that are due to single-phased short circuits to earth can be avoided. In a control circuit based on a digital signal processor (DSP) it is possible, with instantaneous results, to switch from a normal control strategy with equidistant firing pulses to a strategy that takes into consideration the potentially dangerous voltage changes on the supply lines.
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Abstract-In this paper we show how a fairly large proportion of those commutation failures that are due to single-phased short circuits to earth can be avoided. In a control circuit based on a digital signal processor (DSP) it is possible, with instantaneous results, to switch from a normal control strategy with equidistant firing pulses to a strategy that takes into consideration the potentially dangerous voltage changes on the supply lines.
If the supply voltages are monitored continuously, it is possible to calculate the necessity of advancing the firing pulses to avoid commutation failures.
In the paper such a calculation technique is described. The monitoring times may be approximately 50 sec apart corresponding to a distance of 0.016 radians or about 1 .
Index Terms-Commutation failures, digital control, HVDC transmission.

I. INTRODUCTION
M ANY AUTHORS have considered the possibilities of reducing the risk of commutation failures. The crucial question has been formulated by Thio [1] as follows: "Are there ways of decreasing the commutation failure frequency other than by simply increasing the commutation margin angle which has other negative side effects?"
The answer is yes! In this paper we show that it is possible to avoid a number of those commutation failures that are due to faults resulting from single-phased short circuits to earth on the supply line. The idea is to continuously monitor the supply line voltage and to calculate whether a particular voltage change is so dangerous that it becomes necessary to advance the firing time for the thyristors. If this is the case the control strategy is changed immediately, which is possible in control circuits based on a digital signal processor (DSP). If an advance of the firing pulses unnecessary, the normal control strategy, which assures a predetermined commutation margin, is upheld.
We have designed and tested a DSP based control circuit and have used it in a scale model of a HVDC system. The main purpose was initially to evaluate how often it is possible to perform the necessary monitoring and associated computations.
We have used a DSP that requires 30 nsec for every instruction, and an A/D converter with a conversion time of sec. With this equipment the monitoring times can be spaced at sec intervals corresponding to a distance of 0.016 radians or about . In the long term we will enhance the scale model with a model of the ac transmission network, which will allow an experimental evaluation of the new control strategy. The most common failure type in an ac transmission network is a single phase short circuit to earth, and we have therefore for the time being investigated only this type of fault.
For clarification the idea is illustrated with an example that uses a six pulse coupling with a YY transformer. It is furthermore assumed that the dc current does not change significantly, when the single phase short circuit to earth occurs. We have chosen to use this approximation, because in a follow-up paper we will demonstrate that the unavoidable current overshoot can be treated as a fairly simple correction to the observations discussed in this paper. Fig. 1 shows the equivalent circuit diagram for a converter that uses a six pulse coupling with a YY transformer.
II. COMMUTATION FAILURE CAUSED BY SINGLE-PHASE FAULT
When the switch shown is closed, a single-phase short circuit to earth occurs. The transformer is not shown, and all values are referred to the primary side of the transformer. The inductance , represents the stray inductance in the transformer. Additionally, Fig. 1 includes the inductance which represents the line inductance from the power generating plant to the converter. The inductance is the inductance between the primary side of the converter transformer to the point of failure. If the fault occurs close to the converter, is small, and this results in a large change in the voltage on the input side of the transformer. In Fig. 2 is shown the condition where a single-phase short circuit to earth results in a commutation failure. At time a single-phase short circuit to earth occurs on phase , and the voltage is reduced. The firing time is not changed with respect to normal operation, and the reduced voltage means that the commutation between thyrisor 1 and thyristor 3 fails. 0885-8977/00$10.00 © 2000 IEEE With a DSP based control circuit it is possible as mentioned earlier to advance the firing time very quickly, if a calculation shows that a dangerous voltage change is present.
However, there is no reason to advance the firing time more than necessary, and this means that the monitoring and computations can continue after the time . At some time after the computations will show that the voltage changes are potentially dangerous, and the firing time must be moved forward to .
In Fig. 3 the firing time has been advanced to a point where a commutation failure is just avoided.
Just before the time , on Figs. 2 and 3 the following holds
Just after the single-phase short circuit to earth has occurred, but before the start of commutation, the following is valid
The voltage change is thus
This value can be registered by monitoring the voltages directly on the input of the converter. 
III. THEORETICAL DEVELOPMENT
When a single-phase short circuit to earth occurs at the time when the commutation starts, the equivalent diagram of Fig. 4 applies.
The phase voltages may be written as (4)
For the circuit of Fig. 4 the following network equations can be written
The value of is determined by (5) and inserted in (6)
If the time dependent expressions for and from (4) are inserted, you find what is shown in (8) at the bottom of the page.
If (3) is introduced in this expression, you have what is shown in (9) at the bottom of the page. The minimum value of occurs at an angle which is less than . The parameter can be found by setting the numerator of (9) to zero (10)
It may be shown that the solution to this equation is (11)
The current may be determined by integrating (9), and if is introduced you find the minimum value of .
The minimum value must be negative if the commutation is to succeed. At the boundary, where the minimum value is precisely equal to zero, the following formula holds (12) From (11) it may be seen that is a function of . This means that you must use numerical methods to find as a function of using (11) and (12). The allowable change of voltage on the input of the converter transformer may then be found as (13) The formulas are used in the following numerical example:
A. The results are as shown in Fig. 5 .
From Fig. 5 it may be seen that if you intervene at an early stage, you can avoid commutation failure even if fairly large voltage changes occur.
IV. DSP-BASED CONTROLLER
A. Normal Operation
That part of the DSP based control circuit that performs the control under normal operating circumstances is designed as a combination of the ideas discussed by Dewan [2] and Sood [3] . The determination of the angle over a period of the supply voltage can be made using and . This may for example be done by using a table stored in the memory of the signal processor.
In Fig. 6 , the angle as a function of . To generate the firing pulses to the thyristors a counter is used. This is on Fig. 6 represented by a saw tooth with a frequency six times that of the supply frequency. Every time the counter has counted down to zero, a thyristor is turned on. The counter must therefore be synchronized to the supply voltage in such a way that it reaches zero at the control angle as shown in Fig. 6 . Also shown are the gate signals for thyristors 1, 2, and 3.
The angle is sampled every sixth counting period, and the sampled value is compared to the desired value of the control angle . A regulating system adjusts the counter's maximum number in accordance with the result of the comparison.
The sampling of the line-to-line voltages is performed immediately after a thyristor is turned on. In the present version of the control circuit an A/D converter with a conversion time of about sec is used. The computation time of the regulating circuit is negligible in comparison.
For every counting period a sampling of the dc current in the converter is performed, and another regulating system assures that this current is held to the desired value. Fig. 7 shows at the top a single counting period. The sampling, the conversions, and the calculations required for normal operation are concluded after the first approximately sec of a counting period. The time remaining may be used to monitor the line-to-line voltages in order to possibly advance the commutation time. 
B. Monitoring and Advancing the Firing Time
In Fig. 7 time zero has been chosen as the time where thyristor 2 is turned on. In determining the timing, a commutation margin of radians, corresponding to has been chosen. Fig. 7 shows the value of the voltage change in the chosen time interval. Because of the chosen value of kV at the normal point of commutation ( msec). If a single-phased short circuit to earth gives a voltage change in excess of 21.6 kV a commutation failure will occur, unless the firing time for thyristor 3 is advanced. The relevant commutation must be performed from thyristor 1 to thyristor 3, and it is the line-to-line voltage that must be monitored in the counting interval shown.
The monitoring interval is more than 3 msec long, as it starts about sec into the interval and finishes about sec before the next normal commutation.
In the monitoring interval the voltage is sampled as often as possible, and the conversion time for the A/D converter can be used to compute the allowable voltage change . When the conversion is concluded, you will know if it is necessary to advance the firing time and change the control strategy.
In Fig. 7 it is assumed that a single-phased short circuit to earth occurs at msec, and the change becomes approximately 150 kV at this time. is the change from the standard progression and as for msec there is no need advance the firing time for thyristor 3.
The sampling of and the accompanying computations can continue until shortly before . Only at that point will it be necessary to advance the firing time for thyristor 3 in order to avoid a commutation failure.
From Fig. 7 it may be seen that it is possible to avoid commutation failures in a large part of the monitoring interval, even when the voltage changes are quite substantial, and the method described means that a possible advance of the firing time becomes as small as possible.
V. CONCLUSION
In this paper we have presented a method for the reduction of the risk of having a commutation failure in a HVDC system. The method requires a continuous monitoring of the network voltages and a computation of the point of time where an observed voltage change will necessitate a change in control strategy.
When a change is required, a pre-computed advancement of the firing time for all thyristors is used. A numerical example shows that you in many instances can avoid a commutation failure even with a fairly large change in voltage.
